Abstract: Transverse optical patterns, generated by nonlinear interactions, rotate in the presence of a weak switch beam. Using an experimental system with increased symmetry, we observe that the switch can be actuated by ∼ 2100 photons.
Introduction
An important component of high-speed optical communication networks is a switch capable of redirecting pulses of light, where an input "switching" beam redirects other beams via light-by-light scattering in a nonlinear optical material. For quantum information networks, it is important to develop optical switches that are actuated by a single photon. Unfortunately, the nonlinear optical interaction strength of most materials is so small that achieving singlephoton switching is exceedingly difficult. Another desirable property of all-optical switches is cascadability, where the output beams are controlled by a weaker input beam. In a recent series of experimental studies [1, 2] , we have demonstrated a cascadable all-optical switch that operates at low light levels and exhibits transistor-like response.
Here, we present results demonstrating the improved sensitivity of our switch by increasing the symmetry of the optical system.
In our setup, two counterpropagating pump laser beams pass through warm rubidium vapor. When the power of the pump beams is above a critical level, strong nonlinear coupling between the beams and the atoms results in an instability [3] . The instability gives rise to new beams of light that are emitted along a cone around the pump beams and form patterns in the transverse plane. Well above threshold, the pattern is composed of multiple spots with square, hexagonal or high-order symmetry for increasing pump powers, respectively. Injecting a weak switching beam along the cone of emission changes the orientation of the pattern. Our previous experiments were conducted using a pyrex vapor cell mounted within a Helmholtz coil-pair to cancel the ambient longitudinal magnetic field. With such a system, we have shown that an all-optical switch based on transverse patterns is cascadable, exhibits transistor-like response, and can be actuated by as few as 3000 photons [1, 2] .
To extend these initial results, we have made several improvements to the experimental system. Pump beam shaping is now performed by passing the pump beams through a single mode APC to PC fiber, rather than an APC to APC fiber. With a flat-polished exit face, light coupled out of the new fiber, and into the experimental setup, has lower ellipticity than if an angle-polished fiber were used. The pyrex vapor cell has been replaced by a cell with optically flat quartz windows mounted at an 11
• angle, which reduces the effect of the cell window aberrations on the pattern orientation. Additionally, the pump beam diameter used for the present work (1/e field radius, w 0 = 470µm) is larger than the pump beam diameter used previously (w 0 = 340µm). With larger pump beams, we observe suppression of a secondary modulational instability that led to lower signal-to-noise ratio in the switch response in our previous experiments [2] . Finally, the vapor cell has been placed within a high-permeability µ-metal cylindrical shield. Prior to shielding the vapor cell from transverse magnetic fields, the pattern was observed to rotate spontaneously unless the symmetry was intentionally broken via pump-beam misalignment. Pattern rotation induced by weak transverse fields has previously been observed in a related system that used single-mirror feedback [4] .
After making these improvements, we observe the most sensitive switching when the pump beams are slightly offset in the horizontal plane, and the switch beam is injected along the cone-of-emission and in the vertical plane. With no injected switch beam, this alignment results in an "off-state" pattern consisting of four spots in horizontal rectangular orientation. The "on-state" pattern, when the switch beam is present, has two vertical spots.
Switch response
To measure the response of our switch to various input power levels, we inject a sequence of switch-beam pulses with decreasing power (See Fig. 1(b) ). The response is measured by placing a pair of pinholes to spatially select a a2778_1.pdf portion of the pattern. One pinhole selects light from a spot that is present in the pattern during the off-state and the other pinhole selects light from a spot in the on-state. The measured response of the on-state detector is shown in Fig. 1(a) . The switch fully actuates for the first six pulses indicating full switching behavior down to 600 pW. Between 600 pW and 170 pW the switch no longer operates in the saturated regime and responds to the switching beam by transferring only some of the output power from the off spots to the on spots.
To quantify the sensitivity of the system, we measure the response time and from this calculate the number of photons required to actuate the switch. We define the response time of the device as the time from the initial rising edge of the switch-beam pulse to the point where the on-spot signal crosses a threshold level set to correspond to a signal-to-noise ratio of 1. As shown in Fig. 1(c) , the measured response time increases only slightly as the input switch beam power decreases.
The number of photons required to actuate the switch is given by N p = τ P s /E p where τ is the response time, P s is the switch beam power and E p = 2.54 × 10 −19 J is the photon energy. For the ten switch-beam powers corresponding to Fig. 1(a) , the number of switching photons is plotted in Fig. 1(d) . The response time is longer for weak switch-beam powers so the photon number remains nearly constant, in the range between 2100 and 5500. The measured response to the final switch beam pulse indicates the switch responded to ∼2100 photons.
We have identified specific mechanisms that lead to decreased switch sensitivity. In particular, asymmetry in the optical system, transverse magnetic fields, low-quality cell windows, and narrow pump beam diameters prevent the switch from responding at its ultimate limit. By making specific improvements to these aspects of the experimental system, we have achieved a ∼25 percent reduction in the number of photons required to actuate the switch. Finally, we have recently performed simulations of this system using a simplified model of the light-matter interaction. These simulations show many features that are qualitatively similar to our experimental observations. We gratefully acknowledge the financial support of the US Army Research Office (grant no. W911NF-05-1-0228) and the DARPA DSO Slow-Light program.
